Biotransformation of 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) by Akaligenes eutrophus A5 was demonstrated by analysis of ethyl acetate-extracted products from resting cell cultures. Gas chromatographymass spectrometry characterization of the neutral extracts revealed two hydroxy-DDT intermediates (mlz = 370) with retention times at 19.55 and 19.80 min that shared identical mass spectra. This result suggested that the hydroxylations occurred at the ortho and meta positions on the aromatic ring. UV-visible spectrum spectrophotometric analysis of a yellow metabolite in the culture supernatant showed a maximum A402 with, under acidic and basic conditions, spectrophotometric characteristics similar to those of the aromatic ring meta-cleavage products. 4-Chlorobenzoic acid was detected by thin-layer chromatography radiochemical scanning in samples from mineralization experiments by comparison of Rf values of [14CJDDT intermediates with that of an authentic standard. These results were further confirmed by gas chromatography-mass spectrometry analysis. This study indicates that DDT appears to be oxidized by a dioxygenase in A. eutrophus A5 and that the products of this oxidation are subsequently subjected to ring fission to eventually yield 4-chlorobenzoic acid as a major stable intermediate.
Polychlorinated biphenyls (PCBs) and 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) are widely distributed and persistent xenobiotic contaminants in the environment (14, 25, 26, 28) . These contaminants share similar chemical structures and physical properties, such as low solubility and high lipid partitioning coefficients, and are relatively resistant to microbial degradation. Substantial information has accumulated that a variety of PCB congeners can be oxidatively degraded by a dioxygenase system in a few microbial species (2, 3, 6, 11, 16, 30, 31, 37) . Recently, it has also been demonstrated that PCBs can be anaerobically dechlorinated by mixed microbial populations in sediments (24) . Conversely, DDT degradation has only been documented as an anaerobic dechlorination pathway (35, 36) , although degradative intermediates such as dichlorodiphenylmethane have been shown to be susceptible to aerobic metabolism (10) .
Recent data suggest that a chlorobiphenyl (CB)-degrading strain (B-206) can mediate hydroxylation of DDT with phenyl ring dechlorination (20) . However, no DDT ring-cleavage products were observed in these experiments. Because of these findings and structural similarities between some PCBs and DDT, it was of interest to determine whether other bacteria capable of CB or biphenyl aerobic biodegradation were competent for aerobic degradation of DDT.
Of primary interest in these studies was an evaluation of the ability of Alcaligenes eutrophus A5 (15, 19, 31) to carry out the degradation of DDT. A. eutrophus A5 was originally isolated by enrichment cultivation of PCB-contaminated sediments and was found to mediate the mineralization of 4-CB through a 4-chlorobenzoic acid (4-CBA) intermediate (31) . This strain was found to have catabolic gene homology with Pseudomonas testosteroni B-356 (1) but over time lost the ability to mineralize 4-CB. The results of these current studies indicate that strain A5 is also capable of the aerobic degradation of DDT to 4-CBA.
MATERIALS AND METHODS
Bacterial cultures and cultivation methods. A. eutrophus AS was identified and characterized previously as a PCBdegrading bacterium (22, 31) . In order to obtain high cell densities for the resting cell assays, this organism was grown overnight at 28°C in yeast extract-peptone-glucose medium (29) 
.).
The UV-visible spectrum absorbance measurements of the supernatants from A. eutrophus A5 cultures supplemented with DDT were performed with a Beckman DU20 spectrophotometer. The supernatants were acidified to pH 3 with 1 N HCl and were made basic to pH 12 with 10 N NaOH. Samples were scanned over a wavelength of 220 to 550 nm at a scanning rate of 1,200 nm/min.
MS characterization of metabolites was performed with cultures incubated with and without 5 mM DDT and with abiotic controls. The cultures were centrifuged at 15,300 x g for 20 min at 4°C, and the supernatants were extracted three times with ethyl acetate. After the neutral extraction, the supernatants were acidified to pH 3 with 1 N HCl and extracted as described above. The extracts were dehydrated with anhydrous sodium sulfate and evaporated to approximately 2 ml under a vacuum with a rotary evaporator at 28°C. The flasks were washed three times with 1 ml of ethyl acetate and were dried to 0.5 ml under N2 gas.
The metabolites were identified with a Hewlett-Packard GC-MS (Palo Alto, Calif. [model 5995A]) with a 12-m BP5 capillary column (film thickness, 0.25 ,um) consisting of 5% diphenyl dimethyl siloxane (SGE, Austin, Tex.). The column temperature parameters were set at an initial temperature of 50°C for 1 min followed by a 10°C/min increase to 250°C. The ionization voltage was -70 eV. The 4-CBA metabolite was confirmed with an authentic standard.
Chemicals. The o,p'-and p,p'-DDT isomers (Ultrascientific, North Kingston, R.I.) solubilized in acetone at 1% (wt/vol) were used to screen for DDT degraders.
[14C]DDT at 99.9% radiolabeled purity (specific activity, 291 ,uCi/mg [Amersham, Arlington Heights, Ill.]) was used in the mineralization and metabolite experiments. The radiolabeled purity was further confirmed by a high-performance liquid chromatography system equipped with a radioactive flow 
RESULTS
Screening of DDT-degrading organism. With DDT (1%) spray plate analysis, A. eutrophus A5 produced a yellow product from both the o,p'-and p,p'-DDT isomers after 30 days, persisting to over 45 days of incubation. The DDT film became clarified around the primary streaks after the detection of the yellow intermediate, indicating that the organism has the ability to degrade DDT.
The supernatants from A. eutrophus A5 supplemented with 5 mM DDT produced a yellow intermediate with an A402 peak. The intensity of the peak increased when the supernatant was made basic to pH 12. At pH 3, the absorbance peak disappeared and the supernatant became colorless. The phenomena described above are typical characteristics of the meta-ring-cleavage product formed during aromatic hydrocarbon oxidation (3, 5, 8, 9, 17 (4, 21, 35) . While DDE was a dead-end intermediate, DDD was further degraded by sequential steps involving reductive dechlorination and hydroxylation of the ethane group, resulting in the accumulation of dichlorobenzophenone (23, 36) . One of the anaerobic intermediates, p,p'-dichlorophenylmethane, was converted to a ring-fission product, p-chlorophenylacetic acid, by Hydrogenomonas sp. under aerobic conditions (10) . These DDT intermediates were not detected in any experiments with A. eutrophus A5.
The initial aerobic degradative step byA. eutrophus A5 is oxidation on the phenyl ring at adjacent ortho and meta positions to form hydroxy-DDTs, essentially a dihydrodiol compound formed from insertion of two molecules of oxygen. This is in contrast to previous observations with strain B-206 (20) in which ortho or para hydroxylation of DDT occurred to produce a phenolic metabolite with concomitant phenyl ring dechlorination. There was no further degradation reported for the latter hydroxy-DDTs (20) . In addition, the initial oxidation at the carbon bridge (C-1) to form kelthane
was not observed because the mass spectrum of kelthane does not match the spectra of the DDT metabolites observed here. In the present study, a yellow ring-cleavage compound was detected spectrophotometrically in DDT culture supernatants of A. eutrophus A5, suggesting a meta-cleavage DDT pathway.
On the basis of the information obtained from this study, an aerobic catabolic pathway for DDT is proposed (Fig. 2) . A. eutrophus AS initially oxidizes DDT (A) at the ortho and meta positions to form a 2,3-dihydrodiol-DDT intermediate (B) . It is proposed that this is a dioxygenase type of attack resulting in the transient production of a DDT dihydrodiol. On the basis of previous work by Gibson et al. (12, 13) , it is suggested that the dihydrodiol compound is unstable and easily dehydrates into two hydroxylated compounds (Fig. 1) under weak acidic conditions (pH < 7.0). Since there were two different retention times observed from GC analysis for the hydroxy-DDT metabolites, it is suggested that a dihydrodiol-DDT (B) may be formed in the catabolic pathway. However, the assumption about the formation of dihydrodiol-DDT needs further investigation. On the basis of the known degradation pathways of aromatic hydrocarbons and PCBs (27) , the dihydrodiol-DDT would be further degraded to 2,3-dihydroxy-DDT (compound C) by a dehydrogenase. Compound C would be further metabolized through meta cleavage to form the yellow ring-fission product (compound D) which would then be catabolized to 4-CBA (compound E). The ring-cleavage product would be further degraded to either a C-6-or C-5-chlorinated acid, depending on where the hydrolytic cleavage took place. A C-6-chlorinated acid would be formed if the hydrolytic cleavage took place between C-1 and an adjunct carbon on the cleaved phenyl ring. A C-5-chlorinated acid would be formed if the hydrolytic cleavage took place in a way similar to that in the biphenyl pathway (8, 9) , between C-5 and C-6 on the cleaved phenyl ring. The proposed pathway requires identification of compounds B, C, and D for further confirmation. At the present time, whether the dechlorination on C-1 takes place before (7, 33) 4-hydroxybenzoate (19) . It is not yet known whether individual isolates similar to strain AS containing pSS50-related plasmids can mineralize DDT aerobically to completion either as a primary substrate or as a cometabolic substrate in a biphenyl pathway. In addition, the ability of consortia to mineralize DDT completely should also be taken into account as a direction for future investigation. It is also important to understand the capacity and evolution of microbial strains in the concomitant degradation of PCBs, DDT, and other related chloroaromatic pesticides such as DDD, DDE, and methoxychlor.
